is study explored the stratigraphic distribution and soil/shallow aquifer characteristics surrounding a chromium ore processing residue (COPR) dumpsite at a former chemical factory in China. Total Cr levels in top soils (5-10 cm) nearby the COPR dumpsite were in the range of 8571.4-10711.4 mg/kg. Shallow aquifers (1-6 m) nearby the COPR dumpsite showed a maximum total Cr level of 9756.7 mg/kg. e concentrations of Cr(VI) in groundwater nearby the COPR dumpsite were 766.9-1347.5 mg/L. ese results display that the top soils, shallow aquifers, and groundwater of the study site are severely polluted by Cr(VI). en, three aquifers (silt, clay, and silty clay), respectively, collected from the depth of 1.4-2.4 m, 2.4-4.8 m, and 4.8-11.00 m were first used to evaluate the adsorption characteristics and transport behavior of Cr(VI) in shallow aquifers by both batch and column experiments. e adsorption of Cr(VI) on tested aquifers was well described by pseudo-secondorder equation and Freundlich model. e adsorption capacities of Cr(VI) on three aquifers followed the order: clay > silty clay > silt. e kinetics proved that Cr(VI) is not easily adsorbed by the aquifer mediums but transports with groundwater. ermodynamics indicated that Cr(VI) adsorption on tested aquifers was feasible, spontaneous, and endothermic. Cr(VI) adsorption on tested aquifers decreased with increasing pH. Furthermore, the transport of Cr(VI) in adsorption columns followed the sequence of clay < silty clay < silt. Desorption column experiments infer that the Cr(VI) adsorbed on aquifers will desorb and release into groundwater in the case of rainwater leaching. erefore, a proper treatment of the COPR and a comprehensive management of soils are vital to prevent groundwater pollution.
Introduction
Chromium (Cr) is widely used in various chemical industries, such as electroplating, steelmaking, metallurgy, leather tanning, pigment manufacturing, wood preservative, and textile dyeing [1] . Hexavalent chromium (Cr(VI)) and trivalent chromium (Cr(III)) are the most stable species of Cr in the environment [2] . Cr(III) is relatively stable and has low solubility and mobility in soils and aquifers [3] . On the contrary, Cr(VI) is a strong oxidant and highly mobile, thereby causing Cr(VI) more environmentally available than Cr(III) [4] . Cr(VI) exposure could cause skin irritation, respiratory cancer, and kidney damage [5] . e contamination from 2005 to 2010, yet 300 million tons of COPR still harm the environment [11] . Former Tianjin Tongsheng Chemical Factory started to produce chromate in 1958, which was one of the pioneer chemical factories in China. Even though the factory was shut down in 1998, more than 400 kilotons of COPR were piled up in the open air (just covered by black cloth) in the southwest corner of the factory till 2012. According to our site investigation during 2014 and 2015, there was still significant COPR stored in the factory which has not been properly disposed. Given the large quantity of COPR being placed in the open air for several decades, the continuous Cr(VI) leaching by rain endangers the public health of local residents. It is therefore vital to investigate the distribution, adsorption, and transport of Cr(VI) in surrounding soils and aquifers nearby the COPR dumpsite. However, to the best of our knowledge, no study has been reported in that regards.
Heavy metals in soils may undergo several processes: adsorption/desorption, precipitation/dissolution, oxidation/ reduction, plant uptake, microbial conversion, and transport through the soil profile [12] . Although these processes can occur simultaneously, adsorption was the most dominating process controlling existence of metals in soils [12] . Many studies reported about metal adsorption in soil, but fewer studies combine adsorption batch experiments with adsorption/desorption column experiments to investigate the adsorption characteristics and transport behavior of heavy metal in soil and its risk to groundwater. Although many studies were about the Cr(VI) adsorption in soils, previous research studies focused on the adsorption of Cr(VI) in top soils (e.g., 0-6 cm depth [13] and 0-20 cm depth [14] [15] [16] [17] ), only limited studies reported the adsorption of Cr(VI) in aquifers [18, 19] . However, the adsorption and desorption of Cr(VI) by aquifer mediums are different from the top soils, which are affected by their different geochemical characteristics. In addition, compared with batch experiments of adsorption, only limited studies applied column experiments [14, 16, 17] and 3D sandbox [11] to investigate the transport behavior of Cr(VI) in soils. Desorption experiments were also not carried out in aforementioned column experiments [14, 16, 17] . And rarely works have used real shallow aquifers to fill up columns or sandboxes to investigate the transport behavior of Cr(VI) in aquifers.
In this work, we measured the concentrations of Cr(VI) in top soils (5-10 cm), shallow aquifers and groundwater nearby the COPR dumpsite and explored the stratigraphic distribution and soil characteristics of the study site. en, three kinds of aquifers were first used to evaluate the adsorption characteristics and transport behavior of Cr(VI) in shallow aquifers by both batch and column experiments. e objectives of the present work were to (1) evaluate the concentrations of Cr(VI) in top soils, shallow aquifers, and groundwater nearby the COPR dumpsite, (2) investigate the adsorption characteristics of Cr(VI) in different aquifers and gain insight into the adsorption mechanism of Cr(VI) in these aquifers, and (3) reveal the adsorption-desorption behaviors of Cr(VI) in aquifers by dynamic column studies. e results of our study can be used to predict the fate and transport behavior of Cr(VI) in polluted soils and aquifers, which will also be helpful to value the risk of contaminant migration and to establish effective remediation plans for contaminated soils.
Materials and Methods

Study Site and
Sampling. Geological and hydrogeochemical investigations were carried out near the COPR dumpsite (see Supplementary Material Figure S1 ) of the former Tianjin Tongsheng Chemical Factory, Tianjin, China. e COPR dumpsite lies at latitude 39°14′21.4″N and longitude 117°06′28.3″E. e topography is alluvial and coastal plain. Eleven sampling sites at different distances from the COPR dumpsite were set to carry out drilling sampling. Schematic of sampling sites is shown in Figure 1 . Geographical locations of the drilling sampling sites (Table S1) , photographs of core drilling and groundwater sampling ( Figure S2 ), and other detailed information of sampling are all described in the Supplementary Material. Table S2 . e detailed information of soil and aquifers characteristics is described in the Supplementary Material. e aquifers used in this study included silt, clay, and silty clay, which were respectively collected from the depth of 1.4-2.4 m, 2.4-4.8 m, and 4.8-11.00 m. At this point, it should be noted that the depth of the groundwater fluctuates between 0.7 m and 1.4 m in our study site. Hence, it is more appropriate to address the silt, clay, and silty clay used in this study as "aquifers" rather than "soils." erefore, the term "aquifers" will be used in this text to denote silt, clay, and silty clay.
Stratigraphic Distribution and Soil Characteristics.
Experiments.
e experiments include batch study and column study. A schematic diagram of the column setup is depicted in Figure S3 . e packing status of columns and operating conditions for the adsorption/desorption column experiments are mentioned in Table S3 . Also, detailed information of experiments is described in the Supplementary Material.
Results and Discussion
High Concentration of Cr(VI) in Top Soils, Shallow
Aquifers, and Groundwater. Drillcore samples were analyzed to determine the stratigraphic distribution and soil characteristics of the study site. e aquifers (silt, clay, and silty clay) used in this study were collected from the depth of 1.4-2.4 m, 2.4-4.8 m, and 4.8-11.0 m, respectively. Also, the detailed stratigraphic distribution has been discussed in Materials and Methods section. e physicochemical properties of different aquifers are shown in Table S4 . e concentrations of total Cr in top soils (5-10 cm) and shallow aquifers (1-6 m) of 11 drilling sampling sites are, respectively, shown in Figures S4 and S5. e concentrations of total Cr in top soils (5-10 cm) nearby the COPR dumpsite (sampling sites S1-S3) were in the range of 8571.4-10711.4 mg/kg. Shallow aquifers (1-6 m) nearby the COPR dumpsite also present high levels of total Cr. Most samples of shallow aquifers (1-6 m) at sampling sites of S1-S6 show high concentrations of total Cr, which were much higher than the Environmental Quality Standard for Soils (250 mg/ kg) (GB 15618-2018) [22] . e maximum total Cr level (9756.7 mg/kg) appears at the depth of 1 m at sampling site S2, which was 160 times higher than the background value of Chinese soils (61 mg/kg) [23] . e concentrations of total Cr decrease with increasing depth at most of the sampling sites. Moreover, the concentrations of total Cr at sampling sites of S1-S5 were much higher than those at S6-S11, showing that the shallow aquifers nearer the COPR dumpsite are more severely polluted. e concentrations of Cr(VI) and total Cr of groundwater in 11 monitoring wells are shown in Table S5 .
e Cr(VI) concentrations of groundwater (monitoring wells S1-S3) nearby the COPR dumpsite range from 766.9 to 1347.5 mg/L, which significantly exceeded the V grade value (0.1 mg/L) of Quality Standard for Groundwater (GB/T 14848-2017) [24] and drinking water standard (0.05 mg/L) of WHO guideline [8] .
e pH values of groundwater range from 7.5 to 8.2, which were alkalescent. ese results suggest that the top soils (5-10 cm), shallow aquifers (1-6 m), and groundwater nearby the COPR dumpsite are severely contaminated and should get great concern.
3.2. Adsorption Characteristics
Adsorption Kinetics.
e adsorption kinetics experiments were studied at pH 7-8, 288 K, and an initial Cr(VI) concentration of 1.0 mg/L. e adsorption kinetics of Cr(VI) in three kinds of aquifers are shown in Figure 2 (a). e Cr(VI) adsorption was fast in the first 120 min and then increased slightly until reaching the equilibrium at 240 min. e adsorption capacities of Cr(VI) at the equilibrium time were 1.22, 0.94, and 0.81 mg/kg for clay, silty clay, and silt, respectively. e maximum adsorption rates of Cr(VI) in clay, silty clay, and silt were only 11.9%, 9.3%, and 7.9%, respectively. It demonstrates that Cr(VI) is not easily adsorbed by the aquifer mediums but transports with groundwater, causing long-distance pollution.
To better understand the adsorption kinetics, the pseudo-first-order (PFO) (equation (1)) and pseudo-secondorder (PSO) (equation (2)) kinetic models [25] and Elovich equation (equation (3)) [26] were applied to investigate the adsorption kinetics process. Meanwhile, the intraparticle diffusion model (IPD) (equation (4)) [25] was further tested to analyze the diffusion mechanism of the adsorption.
where Q t (mg/g) and Q e (mg/g) are the amounts of Cr(VI) adsorbed at time t (min) and at equilibrium, respectively, and k 1 (min − 1 ), k 2 (g/mg·min), k i (mg/g·min 1/2 ), α (mg/ g·min), and β (g/mg) are the rate constants of PFO, PSO, IPD, and Elovich equation, respectively. Journal of Chemistry e values of di erent model constants are given in Table 1 . e values of correlation coe cient (R 2 ) for the PFO kinetic model were quite low. It indicates that the adsorption of Cr(VI) onto aquifers does not follow the PFO kinetic. e values of correlation coe cient (R 2 ) for the PSO kinetic model were the highest. Also, the adsorption capacities calculated by the PSO kinetic model were 1.27, 1.02, and 0.87 mg/kg for clay, silty clay, and silt, respectively, which were most close to the experimental results. It indicates that the PSO model (see Supplementary Material Figure S6 ) was most suitable for describing the adsorption kinetics of Cr(VI) in three tested aquifers. e well-tting PSO model suggests that the adsorption of Cr(VI) onto aquifers is highly controlled by chemisorption. Electronic forces occur between anion groups of Cr(VI) and cation groups of aquifers by sharing or exchange of electrons [27] . Similar results reported in earlier studies also showed that the PSO kinetic model was most suitable for Cr(VI) adsorption [26, 28, 29] . e experimental data also had a good t of Elovich equation (R 2 values of 0.912-0.990).
is implies a multilayer adsorption which predominates Cr(VI) adsorption in aquifers, and every layer shows various activation energy for chemisorption [30] .
In addition, to better understand the adsorption mechanism, it is necessary to determine the rate-limiting step. Figure 2(b) shows that the plots are not good linear over the whole time range. It suggests more than one mechanism involved in the adsorption process [31] . Figure 2(b) shows that the IPD model fitting plots are constituted by three straight lines. e first steeper line was controlled by external surface adsorption (film diffusion); the second step with less steep was controlled by intraparticle diffusion; and the equilibrium stage was due to pore diffusion [32] . ese results suggest that the adsorption mechanisms of Cr(VI) in aquifers were complex and affected by film diffusion, intraparticle diffusion, and pore diffusion. Similar findings were reported about the Cr(VI) adsorption by microporous activated carbon [33] and graphene/SiO 2 @polypyrrole nanocomposites [25] .
Adsorption Isotherm.
Adsorption isotherm experiments were conducted with different initial Cr(VI) concentrations under controlled conditions of pH 7-8 and temperature 288 K, 298 K, and 308 K.
As seen in Figure 3 , the adsorption capacities increased steadily with increasing initial Cr(VI) concentrations. Such a trend can be explained that the greater the quantity of Cr(VI) in the solution the higher the driving force for mass transfer to the surface of aquifers [34] . Figure 3 also shows that the adsorption of Cr(VI) in clay, silty clay, and silt all increased with increasing temperature, which implies that the adsorption process is endothermic in nature. Moreover, Figure 3 also shows that the Cr(VI) adsorption capacities of three tested aquifers varied distinctly due to their different physicochemical properties. e adsorption capacities of Cr(VI) in the three aquifers followed the order: clay > silty clay > silt.
Langmuir and Freundlich equations are the most common models in earlier studies [25, 35, 36] to describe adsorption isotherms. e Langmuir equation (equation (5)) and Freundlich equation (equation (6)) are as follows:
where Q (mg/kg) is the amount of Cr(VI) adsorbed by the aquifers, C (mg/L) is the equilibrium concentration of Cr(VI), q m (mg/kg) is the maximum adsorption capacity, K L (L/kg) represents the Langmuir constant related to the bonding force of adsorption, K F (L/kg) is the Freundlich adsorption equilibrium constant representing the adsorption capacity, and n is the Freundlich constant indicative of adsorption intensity. Isotherm parameters of above described models for Cr(VI) adsorption in different aquifers at different temperatures are listed in Table 2 . According to the coefficients of determination (R 2 ), Cr(VI) adsorption data of all tested aquifers were simultaneously better fitted by Freundlich model ( Table 2 ). e Freundlich isotherm reflects the adsorption process occurs in a heterogeneous surface with interaction between adsorbed ions [37] . ese results imply that Cr(VI) adsorption in this study was a heterogeneous multilayered adsorption [38] . Given that K F reflects the adsorption capacity of aquifers for Cr(VI), the order of adsorption capacities was clay > silty clay > silt. As shown in Table 2 , values of n were smaller than 1.0 at all temperatures, indicating that Cr(VI) is not favorably adsorbed by clay, silty clay, and silt [26] . Furthermore, the low values of K F (Table 2) indicate that Cr(VI) is probably highly mobile in the aquifers [39] . ese results suggest that Cr(VI) may transfer easily in these aquifers and cause severe pollution to the surrounding groundwater.
Adsorption ermodynamics.
To further clarify the adsorption mechanisms, adsorption experiments of Cr(VI) by different aquifers were carried out at 288, 298, and 308 K. e results demonstrated that the adsorption of Cr(VI) in clay, silty clay, and silt all increased with the increasing temperature (see Supplementary Material Figure S7 ), which is consistent with the result of the above adsorption isotherms. e thermodynamic parameters were calculated by using the following equations:
where T (Kelvin) is the absolute temperature, ΔG θ (kJ/mol) is the standard Gibbs free energy, ΔH θ (kJ/mol) is the standard enthalpy change, ΔS θ (J/mol·K) is the standard entropy change, and R is the gas constant (8.314 J/mol·K). 
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ΔH θ and ΔS θ were computed from the slopes and intercepts of the linear regression of ln K versus 1/T. ermodynamic parameters (ΔG θ , ΔH θ , and ΔS θ ) are present in Table 3 .
Negative values of ΔG θ (Table 3) indicate that the Cr(VI) adsorption in three tested aquifers is thermodynamically feasible and spontaneous within the temperature range 288-308 K [40] . ΔG θ decreases with the increase in Journal of Chemistry temperature, reflecting an endothermic adsorption process. Moreover, the more negative value of ΔG θ for clay indicates that more energetically favorable adsorption occurs in clay than that in silty clay and silt [41] . is phenomenon could also be explained by the higher contents of clay particles with smaller size (implies much more specific surface area), the higher average porosity (means more micropores available) [42] , and the more organic matter content [43, 44] of clay than that of silty clay and silt as described in Table S4 (see Supplementary Material ). e positive enthalpy change (ΔH θ ranges from 7.30 to 18.38 kJ/mol) suggests an entropy-driven process [45] , which further confirms an endothermic adsorption process as observed in the aforementioned adsorption isotherms. e values of ΔH θ are all less than 40 kJ/mol, suggesting a physisorption of Cr(VI) onto clay, silty clay, and silt [46] . Combined with the adsorption kinetics in earlier section, physisorption and chemisorption play important roles together in adsorption of Cr(VI) onto clay, silty clay, and silt. e values of ΔS θ are positive, indicating an increased randomness at the solid-solution interface [47] . Besides, the values of ΔS θ follow the sequence of clay < silty clay < silt, suggesting that the degree of randomness increases from clay to silt.
Effect of pH.
As well known, pH plays important roles in the adsorption behavior. So, the influence of the solution pH on the Cr(VI) adsorption by three tested aquifers was investigated at 288 K and an initial Cr(VI) concentration of 1.0 mg/L. As shown in Figure 2(d) , adsorption of Cr(VI) is strongly dependent on the pH; the adsorption amount of Cr(VI) in aquifers decreased with the increasing pH. e results are consistent with previous studies [17, 25, 42, 48] , showing lower pH which provides more advantage for Cr(VI) adsorption.
ere are two main reasons for this phenomenon. Firstly, at low pH condition, large number of H + ions neutralize the negatively charged hydroxyl group (-OH) on the adsorbent surface, thereby reducing hindrance to the diffusion of Cr(VI) ions [25] . On the contrary, at higher pH values, the abundance of OH − ions causes increased hindrance to diffusion of Cr(VI) ions. Secondly, the predominant form of HCrO 4 − shifts to CrO 4 2− as pH increases [49] . HCrO 4 − ion needs only one active site, whereas CrO 4 2− needs two active sites due to its two negative charges, thus causing a decrease of Cr(VI) adsorption as pH increases [50] .
Adsorption/Desorption Columns of Cr(VI) Transport in
Aquifers. In the present work, adsorption column experiments were carried out to model the contaminant transport process. In addition, the desorption column experiments were applied to model the rainwater washing the contaminant from the upper layers of soils and aquifers to subsequent depths. e breakthrough curves showed the performance of fixed-bed column. e point on the S-shaped curve at which the effluent concentration (C t ) reaches its maximum allowable value is referred as the breakthrough point [51] . e breakthrough point time and the shape of the breakthrough curve are important characteristics to determine the dynamic response of adsorption columns [52, 53] .
ree breakthrough curves of adsorption columns with different aquifers are displayed in Figure 4 (a). As seen from Figure 4(a) , the curves all look like "S" shaped, but the slopes of the breakthrough curves change with varying aquifers. e breakthrough curves of silty clay and silt are steeper than that of clay, which may be explained on the mass transfer fundamentals [53] . A slower transport of Cr(VI) in clay could be caused by a decrease in mass transfer coefficient or diffusion coefficient [54, 55] . Moreover, this result also supported the aforementioned adsorption kinetics study. As illustrated in Table S4 (see Supplementary Material), more clay particles (means more adsorbent surface area) and more organic matter content in clay column provided more binding sites with Cr(VI), indicating a relatively slow transfer process. Also, the organic matter in the aquifers may have reduced some Cr(VI) into Cr(III), greatly reducing the transport of Cr(VI) through the aquifers [16, 56, 57] . Considering that the porosity of the packed column (Table S3 ) is higher than the actual porosity of study site (Table S4) , it could be inferred that the seepage velocity of Cr(VI) in the actual aquifers is slower.
On the other hand, the breakthrough curves of desorption columns are shown in Figure 4(b) . e results showed that the concentrations of Cr(VI) in three kinds of columns of aquifers all decreased with time ( Figure 4(b) ). It demonstrated that the Cr(VI) adsorbed on aquifers will desorb and release into groundwater day by day in the case of rainwater leaching, causing groundwater recontamination. Meanwhile, the curve slopes of silty clay and silt columns were steeper than that of clay column, and the breakthrough curve of clay showed a strong trailing phenomenon. It suggests that the desorption process of clay 
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column is much slower than that of silty clay and silt columns. is result is also consistent with aforementioned results of adsorption isotherms.
Finally, according to the result of adsorption and desorption column experiments, the COPR leachate will continuously transport into aquifers and groundwater therefore causing severe pollution. At the same time, the chromium adsorbed on the aquifers will desorb and release into groundwater under the action of rainwater leaching, causing a recontamination of groundwater. erefore, the COPR dumpsite is urgent to be properly treated. Also, comprehensive management of soils must be attached importance to prevent any further pollution of groundwater.
Conclusions
e results from this study are summarized as follows:
(1) e top soils (5-10 cm), shallow aquifers, and groundwater nearby the chromium ore processing residue (COPR) dumpsite are severely polluted by Cr(VI). (2) e adsorption of Cr(VI) in aquifers was well described by pseudo-second-order kinetics equations and Freundlich model. e kinetic results proved that Cr(VI) is not easily adsorbed by aquifer mediums but transports with groundwater, causing long-distance pollution. e adsorption capacities of Cr(VI) in three tested aquifers followed the order: clay > silty clay > silt. Cr(VI) adsorption capacities in three tested aquifers decreased with increasing pH.
(3) Di erent thermodynamic parameters such as ΔG θ , ΔH θ , and ΔS θ showed that the adsorption of Cr(VI) onto tested aquifers was feasible, spontaneous, and endothermic in nature. Adsorption kinetic and thermodynamic results imply that physisorption and chemisorption play important roles together in the Cr(VI) adsorption onto clay, silty clay, and silt. (4) Breakthrough curves of adsorption columns with di erent aquifers showed that the transport of Cr(VI) followed the sequence of clay < silty clay < silt. (5) Desorption column experiments infer that the Cr(VI) adsorbed on aquifers will desorb and release into groundwater in the case of rainwater leaching, causing groundwater recontamination.
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